Abstract. Mycorrhiza, a common association between root plants and mycorrhizic fungus provides some benefits to the plant, improving its nutrient uptake and increasing the drought resistance as well as the photosynthetic rate. Open photoacoustic (OPC) cell technique was used here to study oxygen evolution from C3 plants (tomato) with and with mycorrhizic fungus (Glomus Fasciculatum) under the lighting conditions similar to those characteristic for the mid-day sunlight. The OPC was found capable of discriminating between the two contributions to photoacoustic signal. The experimental evidence was collected for statistically significant differences between photobaric signals from plants with and without mycorrhiza.
INTRODUCTION
Mycorrhiza, an association existing in the nature between root plants and mycorrhizic fungus, provides certain benefits to both organisms. As far as the plant is concerned, it improves its uptake of mineral nutrients and increases both, the drought resistance and the photosynthetic rate; few additional studies on this topic are currently in progress [1] .
Practically all studies concerned with the symbiosis between mycorrhizic fungus and the plants were performed by means of conventional methods (gas exchange technique such as for example IRGA). The only investigation performed thus far with the so called open photoacoustic cell (OPC) technique is the work of Acosta et al. on the plants with mycorrhiza [2] . The authors studied the time evolution of photoacoustic signal's amplitude in maize (C4) plants (with and without mycorrhiza) after their adaptation to darkness. The differences in the rising time of the photobaric component of the PA signal were observed in one of the three maize varieties studied. Compared to the well known closed PA cell, major advantage of the OPC concept in studies [3] of plants is the fact that OPC enables in vivo and in situ measurements. This offers unique possibility for performing PA measurements on one and the same leaf more than once; an important fact when trying to assess the reproducibility.
In the present work, OPC technique was used to study C3 plant (tomato) with and without mycorrhiza. The measurements were performed under controlled conditions. Temperature and lighting resembled those of the mid-day sunlight for practically whole plant. Only the leaf area being measured was enclosed between two copper plates and exposed to a modulated red light (Fig. 1) . Such conditions are essential for future field measurements that will be taken under normal light conditions. The temporal dependence of the signals (including those obtained under continuous light saturation regime) has been recorded. The plants were inoculated with fungus Glomus Fasciculatum (GF) and two nutrient solutions contained 22 and 44 ppm phosphorous (P) were used (two levels of P were considered because this nutrient is frequently associated with mycorrhiza effect). The control plants, without the fungus, were grown under identical conditions. Vectorial analysis of PA signal is required in order to discriminate between photobaric and thermal contributions. Results of time dependent measurements carried out at 17 Hz (Fig. 2) show statistically significant differences between the amplitudes of the PA signals measured in the presence/absence of the saturating light. Due to the fact that data obtained do not follow statistically the Gaussian distribution, one has considered the necessity for non-parametric analysis. Therefore, normality test with the Shapiro-Wilk´s W test was performed for the variable of interest. Results show that the latter indeed does not show a Gaussian distribution. Data were also analyzed with a Kruskal-Wallis ANOVA median test and the differences between groups compared with the outcome of Mann-Whitney U test. The results were presented as median, minimum and maximum values; for the level of significance, P<0.05 applies. Statistical analysis was performed with STATISTICA, Stat-Soft, Inc. Tulsa OK. The statistically significant results of this work demonstrate the feasibility of the OPC technique for field measurements of photosynthesis parameters.
EXPERIMENTAL MATERIALS AND SETUP
To minimize the variability among the samples tomato plants were grown under comparable controlled environmental conditions. The 1:1 sterilized mixture of loam soils was used. Depending on environmental temperature and relative humidity plants were watered (two to three times a week using distilled water) and fertilized weekly with Long Ashton nutrient solution containing 22 and 44 ppm of phosphorous. At the age of 8 to 9 weeks plants were transported to the laboratory for the measurements. All studies were performed in a temperature controlled cabinet equipped with a 1 kW high pressure sodium lamp mounted (to imitate midday sunlight conditions) 50 cm above the top of plants. The sample for measurement was chosen randomly from the corresponding group. Repeatability measurements were performed consistently during the entire investigation.
In vivo OPC measurements of photosynthetic oxygen evolution have been performed. Two hours before actual OPC measurement, plants were brought to a laboratory to allow them to adapt to the local illuminating conditions. Worth emphasising is that unlike other experiments where during measurements the entire whole plant (except for the illuminated test leaf area of 3 mm diameter) was kept in darkness [2] , all measurements performed within the frame of this study were conducted with more illuminating light for the whole plant. The amount of modulated light) received by the area of leaf to be measured was comparable to that of the mid-day sunlight radiation within the red spectral (wavelength range 600 to 730 nm).
The OPC experimental set-up used to monitor photosynthesis [4] consists basically of the modulated source (LEDs with emission wavelengths from 600 to 730 nm) of the excitation light and an intense source of non-modulated white light (white LEDs) used to saturate the photosynthesis process. The red and white LEDs used for such experimental arrangement were distributed symmetrically across metallic holder (hemisphere, radius 1 inch). Since only a small fraction of LED's output power spectrum is in the NIR region, the generated heat is low and hence IR filters are not needed. The radiation from each LED was directed such as to illuminate desired area (3 mm diameter) on the leaf to be measured. The modulation of red LEDs and control of saturating white light were achieved directly by the lock-in amplifier. The environmental parameters, the modulated and saturating light timing as well as the data acquisition were all controlled by appropriate software.
MEASUREMENTS AND RESULTS
The measurements were performed using intensities of 55 W/m 2 and 235 W/m 2 for modulated red light and the non-modulated white light respectively. The non-detached leaf was mounted to the OPC detection unit (directly on a cylindrical shaped electret microphone that on its turn is mounted to a rectangular plate made of solid copper). The upper epidermis of leaf faced the incoming radiation. The leaf was gently pressed by another copper plate that at the same time serves as a LEDs holder (Fig. 1) . The OPC signal generated in the leaf by the modulated red light excitation is due to the two major contributions i.e. the usual photothermal component and the so-called photobaric component (periodic production of oxygen gas during photosynthesis). One should realise that these components are out of phase and therefore their sum must be regarded as a vectorial sum.
In order to discriminate between these two contributions, it is necessary to perform at least one measurement at higher frequencies (more than 200 Hz in this case). Due to the exponential decay of oxygen diffusion through the plant, the contribution of oxygen component to a total signal is not significant at such frequencies. The heat however follows a similar diffusion process but at higher frequencies the attenuation is less pronounced. In such a case the ongoing O 2 production will not be detected. Therefore when working in the saturating light regime, a positive change in the PA signal will be observed due to the fact that a fraction of the modulated red light that excites the photosynthetic process does contribute to photothermal phenomenon, increasing thereby the thermal contribution. In this way one can assess a percentage of red light that contributes to photosynthesis. This value is important when attempting to completely discriminate between the two components contributing to the PA signal. The plant's adaptation to experimental conditions was measured to make sure that the evaluation of oxygen component of the PA signal is performed only after the adaptation has been completed. Signal levels with saturating light were obtained (by successive measurements made in the presence and absence of the saturating light) continuously during the entire process. The frequency dependent PA measurements were also performed to assess the information needed to determine photochemical loss and to enable discrimination of different contributions to the signal.
The outcome (relative levels of photobaric and thermal contributions) of measurements carried out on six plants exposed to the two conditions, suggests that contribution of the O 2 signal is statistically significant (p<0.05) hence it is the thermal contribution. This could be regarded as the benefit of the mycorrhiza association for the plant at the level of photosynthetic process (the increment of the chlorophyll or the palisade parenchyma tissue) expressed by higher oxygen production.
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CONCLUSIONS
Despite the fact that values for oxygen evolution obtained by the OPC technique are not absolute, the PA monitoring of photosynthesis rate is a useful tool to investigate benefits of mycorrhizic symbiosis. Since data measured did not exhibit a Gaussian distribution, the non-parametric analysis was considered. The Kruskal Wallis statistical approach was applied in a search for significant differences and an U Mann Whitney analysis performed to get the level of confidence for each a difference. Statistically significant results obtained in this study demonstrate the feasibility of OPC technique for field measurements of photosynthesis parameters. 
